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INTRODUCTION

Improved sample introduction could significantly enhance the analytical

capabilities of inductively coupled plasma emission spectrometry. Not sur-

prisingly, a substantial number of interesting approaches have been proposed

for sample introduction into the ICP. Solid sampling has been investigated

through the use of direct insertion techniques,1 ,2 injection of powders,3 ,4

5-7 8 9laser vaporization techniques, spark excitation, and slurries. Elec-

i10-13 1,2,41
trothermal methods, direct insertion of sample solutions,

volatile molecule generation techniques,16 ,1 7 direct injection of molecular
gases,18 ,19 and the introduction into an ICP of GC effluents20-22 have also

been explored. However, the greatest emphasis has been on the development

of nebulizers, because so many analytical samples can be dissolved to form

aqueous solutions. Nebulization devices include concentric2 3 -2 6 and cross-

flow2 7 - 30 pneumatic systems, fritted discs,3 1 and Babington nebulizers.32 - 3 7

Ultrasonic devices have been extensively investigated as well,3,38-40 and

have provided greater sensitivity for certain samples.
4 1

Because the sample channel of an ICP discharge cannot easily accomodate

a large flow of gas, an acceptable nebulizer for ICP spectrometry must

operate effectively on a modest supply of argon, ordinarily below 2 L/min.

Ultrasonic nebulizers enjoy a particular advantage over pneumatic systems;

they require gas only to transport the sample aerosol and not to produce it.

Unfortunately, ultrasonic generators are often complex, costly, and less

reliable than pneumatic nebulizers. Other methods which do not require a

gas flow should be explored. One such method involves the disruption of a

high-speed Jet of sample solution at impact upon a solid surface. The goal

of the present study is the design and evaluation of a nebulizer based on

this principle for the introduction of analyte solutions into an ICP. This

device is termed the jet-impact nebulizer (JIN).



The principles of operation of the JIN4 2 were known long before ICP

spectroscopy became a popular analytical method. However, the device has

seen little use recently, chiefly because it requires that solutions be

forced through a small orifice. Finer aerosols are produced more efficient-

ly from jets formed in narrower orifices; unfortunately, smaller orifices

are more susceptilbe to obstruction. One recent application of a kind of

JIN has been as an interface between a liquid chromatograph and a direct-

current plasma.4 3 In this application, particulate matter in an analytical

sample is excluded before the nebulization step, thereby minimizing the risk

of orifice obstruction. Because the JIN produces aerosol without any nebu-

lizing gas, it is particularly well suited for use with low-flow ICP sys-

tems4 4 ,4 5 or in applications such as sample modulation.
4 6

In the present embodiment of the JIN, sample solution is forced pneuma-

tically or mechanically through an orifice of 20 to 100 micrometers in

diameter, to form a narrow, high-velocity jet of liquid. If this jet is

allowed to travel through space, it begins to oscillate on the axes perpen-

dicular to the axis of travel. At some characteristic distance from the

orifice, these oscillating instabilities lead to disruption of the jet into

droplets, whose diameter is of the order of the diameter of the jet. If a

solid impact surface is positioned in the path of the jet at the point where

instabilities have become pronounced, the kinetic energy of the jet can

contribute effectively to jet rupture. The oscillating instabilities of the

jet are enhanced by the impact, and much finer droplets are thus produced.

The nebulizer constructed in this study proved to be suitable for use

in atomic emission spectrometry and provided low drift, low detection li-

mits, and extended linear calibration curves. Occasional instablities of

unknown origin were unfortunately noted. Several variables affecting nebu-

2
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* lizer performance were studied, including the orifice size and shape, jet

velocity, analyte solution viscosity and surface tension, aerosol transport system,

distance traveled by the jet, and angle of incidence of the Jet upon the

impact surface.

* I *. XPERIENTAL

Aerosol Production and Transport

Two types of orifices employed in the production of liquid sample jets

are shown in Fig. 1. The orifice depicted in Fig. la was constructed by

* fire-polishing I1mm o.d. glass capillaries to inside diameters of 20 to 100

* micrometers. For the other kind of orifice (Fig. lb), precisely drilled

jewels of synthetic ruby (corundum) were used. The particular Jewels used

in this study are Seitz f riction-ba lance watch jewels, and were purchased at

- a cost of about one dollar each at a local jewelry supply company; orifice

diameters of 60 to 140 pim are available in increments of 1.0 jim. Corundum

* pieces with orifice diameters as small as 25 Uim are available (Seitz SA,

American Laubscher Corporation, Farmingdale, Long Island, NY). Importantly,

these jewels exhibit superb resistance to corrosion and wear, precise ori-

fice geometry, and low cost. Each jewel is bonded by means of inert epoxy

onto the base of a 22-gauge hypodermic needle from which the shaft has been

removed. This latter kind of orifice was employed for most experiments

* reported here.

Sample solutions were contained in polyethylene beakers within brass or

* steel vessels under argon pressure, as shown In Fig. 2. Argon was selected

* as the pressurizing agent to minimize the effects of dissolved gas on plasma

* performance. Of course, other pressurized gases could be employed. The

argon pressure, controlled with a single-stage regulator (Air Products, Inc.

* Allentown, PA) forces sample solutions up a teflon dip-tube and through a

3
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small membrane filter (Catalogue #LCWP 01300, Millipore Corp., Bedford,

MA). The filtered solution is transported through flanged teflon tubing

assembled with standard 1/4-28 low-pressure liquid-chromatography fittings,

couplings and adapters (Rainin Instrument Co., Woburn, MA). For f low-

. injection experiments, a six-port rotary injection valve with a 0.5 mL

sample loop (Rainin) is incorporated between the pressure vessel and the

nebulizer orifice.

The jet of sample solution is forced against a glass impact surface,

fixed at a distance of between 1 and 5 cm from the orifice. Of the various

impact surfaces and arrangements that were explored, the most satisfactory

Is shown in Fig. 3. The impact surface is a fire-polished glass plate, 20

mm x 6 mm x 3 mm, fixed at the end of a length of 5-mm glass rod. The rod

is friction-fitted through a 5-mm hole in a polytetrafluoroethylene aerosol-

chamber endpiece. A second hole in the endpiece, fitted with a k-28 thread,

is used to connect the sample delivery tubing to a luer adapter, onto which

the jewel fitting is secured. This endpiece design permits the experi-

menter to locate the impact surface directly in the path of the liquid Jet,

and at any desired distance from the orifice. The entire assembly is

sealed by means of an O-ring inside an aerosol chamber constructed of 35-mm

glass tubing, similar in design to the chamber of Schutyser and Janssens.
4 7

The aerosol collection funnel is situated 10 cm from the mouth of the

chamber to provide room for the glass impact surface. A carrier-gas en-

trance port is located 4 cm from the mouth of the chamber.

The performance of the jet-impact nebulizer was compared with that of a

concentric glass nebulizer constructed according to the procedure of

Scott.26 Sample solutions are delivered to this concentric nebulizer at a

rate of 2.40 mL/min by a peristaltic pump (Gilson Medical Electronics,

Middletown, WI). A nebulizing argon flow between 0.86 and 1.41 L/min is

4



controlled and monitored with a needle valve and rotameter (Matheson Gas

Products, Joliet, IL). This same rotameter is used to monitor carrier-gas

flows for the JIN. The concentric nebulizer is sealed with an 0-ring at the

mouth of a glass aerosol chamber equipped with a central aerosol-collection

funnel.
4 7

The exit ports of both aerosol chambers are connected by 12-cm lengths

of 3/16" tygon tubing to a glass "Y" tube. The third arm of the "Y" is

connected by an 8-cm length of tubing through an opening in the bottom of a

copper radiation shield to the aerosol inlet port of the plasma torch.

PLASMA

Two different ICP torches were employed in the present study. Because

the concentric glass nebulizer had already been used extensively with a

standard 20-mm o.d. torch, this same torch was employed for experiments

involving a direct comparison of the two nebulizers. The 20-mm torch oper-

ates on 15 L/min coolant argon, 0.42 L/min plasma argon, and 1.25 kW forward

RF power. For many other experiments, a 14-mm o.d. miniature torch was

employed.4 5 This smaller torch operates on 9.8 L/min coolant argon with no

plasma argon at 1.0 kW forward RF power. Plasmas are formed in both torches

with radio-frequency power generated and controlled by a 2.5 kW, 27.12 MHz

instrument (Plasma-Therm, Inc., Kresson, NJ). Gas flows are controlled with

needle valves and rotameters.

OPTICS AND DETECTION

A 10-cm focal length, 5-cm diameter quartz lens images the plasma at

unity magnification onto the entrance slit of a 0.35-meter Czerny-Turner f/7

scanning monochromator (Heath Co., Benton Harbor, MI). Entrance and exit

slits were set at 50 pm wide and 10 mm high. Because the ICP is situated on

5
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a translatable platform, any region of the discharge can be viewed by the

fixed optical system. Unless otherwise noted, light was gathered from a

region 20-30 mm above the load coil in the center of the sample channel. A

photomultiplier tube (1P28A, RCA, Lancaster, PA), located at the exit slit

of the monochromator, was biased at 800 volts. The photocurrent from the PMT

was converted to a proportional voltage by a current amplifer (Model 427,

Keithley Instruments, Inc., Cleveland, OH), with a risetime (90%) of 100

msec.

The output of the amplifier was monitored simultaneously by a digital

multimeter (Model 179, Keithley), a strip-chart recorder (Model SR-204,

Heath), and a laboratory minicomputer (MINC-11, Digital Equipment Corp.,

Maynard, MA). BASIC software was written to collect, manipulate, display,

and store experimental data. The various programs included assorted opera-

tor prompts; text displayed on a CRT directs operator input of sampling

time, element, concentration, nebulizer type, and other information to be

stored with each set of numerical data.

RZAGEMt

Stock solutions were prepared as suggested by Dean and Rains4 8 with

reagent-grade metals, salts, and acids. Analyte solutions were prepared by

suitable dilution.

PROCEDURES

Detection limits for the jet-impact nebulizer and the concentric glass

nebulizer were computed as the concentration of analyte required to produce

a signal equal to 2.12 times the standard deviation of five background

measurements.4 9 Detection limits are based on the extrapolation of signal

levels from the average of 5 measurements of dilute solutions. For each

element, viewing height in the plasma and nebulizer gas flow were optimized

6



to produce greatest signal-to-background ratios; optimal values are listed

in Table I. Analyte concentrations were selected to be between 1 and 2

orders of magnitude above the detection limit. Each signal and blank

measurement was taken as the average of 500 data points collected over a

period of 20 seconds. Signal and blank measurements were alternated, with a

pause of at least five system time constants between measurements.

The standard deviation of each group of 500 computer-stored data points

was calculated and combined with four similar sets to yield an average

standard deviation. This figure, the average noise, is useful in assessing

high-frequency fluctuations which might be caused by the nebulizer.

For the determination of drift, 500 signal-averaged measurements were

collected over a period of two hours. Each of the 500 measurements was

taken as the average of 500 data points collected over a period of 10

seconds. The relative standard deviation of the 500 averaged measurements

was defined as the system drift. Drift was measured at the Ca II 393.4 nm

line with 1 pg/aL Ca introduced by either the jet-impact or concentric

nebulizer, or with the aerosol-free ICP operating on 1.08 L/min of dry

carrier argon.

For flow-injection measurements, sample solution is drawn into a 0.5

aL sample loop by means of a syrings. Meanwhile, a constant stream of

distilled, deionized water flows from the pressure vessel through the six-

port injector valve to the nebulizer. When the valve is actuated, the slug

of solution in the loop is injected into the stream of water. The first

trace of the sample reaches the Jet-impact nebulizer 10 seconds later, after

traveling through a 60-cm lei fth of teflon tubing. During this transit

time, the operator ii si al the computer to initiate data collection.

Five hundred data points are then collected over a period of 60 seconds,

7



and displayed on a video terminal. The signal appears as a diffusionally

broadened peak. Forty seconds after the first data set is completed,

another set of 500 data points is collected. Because only distilled water

is being nebulized during this latter period, the second data set serves as

a blank measurement. These data, plotted with the peak, ordinarily appear

as a flat baseline. The data from each set in a pair are summed and

compared, and used by the computer to calculate the area between the signal

and blank traces in units of microamp-seconds of photocurrent. This area,

which is proportional to analyte mass, enables the computer to generate

calibration curves. For each curve, five measurements are averaged for

each analyte concentration.

A useful diagnostic for JIN performance is the nebulizer efficiency,

which can be defined as the fraction of sample solution which leaves the

impact surface in the form of droplets. Here, the nebulizer efficiency was

md
*z calculated as (1- - ), where ms is the quantity of solution fed to the

m

nebulizer and md the amount drained as liquid from the impact surface. This

fraction is commonly 0.25-0.30, in agreement with earlier workers who em-

ployed non-aqueous solutions.43 Measurements of drainage from the impact of

a jet producing no aerosol show that this figure is reliable to within 2% of

the sample flowrate. Clearly, losses in the aerosol chamber and during

sample transport will reduce substantially the overall aerosol delivery

efficiency.50 However, the nebulizer efficiency serves as a particularly

quick and convenient way to assess whether nebulizer variables have been

properly adjusted.

8



I. RESULTS AND DISCUSSION

IEBULIZER OPERATION

The performance of the new nebulizer is a function of several vari-

ables, critical among which is the geometry of the orifice used to produce

the jet. Early work was performed with glass capillaries (cf. Fig. La)

whose tips had been constricted by fire-polishing to produce orifices be-

tween 20-100 )1m. Unfortunately, such orifices often were not quite circular

or produced liquid jets which would exit the capillary at unsuitable angles.

Additionally, the long funnel-shaped glass pathway toward the orifice en-

couraged the accumulation of particulate matter, which subscluently obstruc-

ted the liquid flow. Orifices of this type proved to be fragile and diffi-

cult to construct and maintain.

For these reasons, a second orifice type was investigated. This alter-

native orifice is a shallow circular hole in a jewel of corundum, epoxied

onto a luer fitting. The shallowness of the hole leads to fewer problems

with particulate accumulation or salt encrustation; solutions of 10% (by

weight) NaCI have been run repeatedly with no observed encrustation. The

shallow hole also exerts less drag on the analyte solution flowing through

it, permitting higher solution flowrates through orifices of a given dia-

meter (cf. Fig. 4). The precision of the corundum orifice size and shape is

sufficient that liquid jets formed with three different 60-m jewels were

found to behave nearly identically. These devices are extremely durable;

none of the jewels used throughout these experiments has failed. Jewels

which became partially clogged were easily cleaned with brief backflushing.

Jewels with holes from 60 to 140 jm were examined and provided solution

uptake rates of 4-28 mL/min at regulator-accessible operating pressures.

9
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High uptake rates make the larger jewels undesirable for use in spectrochem-

ical analysis. Additionally, the increase in droplet size with the larger

jewels is sufficient to be easily observed with the unaided eye. For these

reasons, the 60-pm jewel was selected for further experiments, in spite of

its somewhat greater susceptibility to obstruction.

Seve:,t' thodf; have been explored for pumping solutions to the JIN,

each with its .wn advantages and disadvantages. An inexpensive pressurized

vessel (cf. Fig. 2), used in most of these experiments, provides an extreme-

ly constant flow of solution. However, changing sample solutions is incon-

venient and time-consuming, making flow-injection techniques more attrac-

tive. A syringe pump also provides a reasonably steady flow, but is equally

cumbersome and is limited to modest solution volumes. Peristaltic and

liquid-chromatography (LC) pumps are more convenient to operate. However,

pulsations generated by a peristaltic pump have been found to be disadvanta-

geous for the JIN and a pulse-free LC pump would significantly increase the

cost and complexity of the nebulizer. For routine use, therefore, flow-

injection methods are suggested and were adopted.

The distance traveled by the jet prior to impact proves to be a crit-

ical variable. If the impact surface is placed very near the orifice, no

aerosol is produced, presumably because the natural instability of the jet

has not developed sufficiently at such a short distance. Under these circum-

stances, the drainage from the impact surface is equal to the flowrate

through the jewel, and the nebulizer efficiency is zero. If the impact

surface is slowly moved away from the orifice, a critical distance is reach-

ed, at which the nebulizer efficiency abruptly rises to over 0.25. Inter-

estingly, at this same distance from the orifice one can first visually

observe a periodic instability in the jet. This critical distance depends

on the physical properties of the solution, the velocity of the jet, and the

10
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orifice diameter. In general, the critical distance increases with increas-

ing jewel size and jet velocity, as illustrated in Fig. 5. Several excep-

tions to this trend were noted; some jewels above 100 pm did not perform as

expected, and slightly oval-shaped glass capillaries or partially obstructed

jewels exhibited critical distances well below predicted values, caused

presumably by instability introduced at the source of the jet.

Figure 6 shows the effect the jet travel distance has on a copper

emission signal at the 324.7-nm atom line. At impact distances below the

critical distance, the signal does not exceed the background level. The

critical distance is marked by the steeply rising portion of the plot at

19mm. Noise on the signal near this point is substantial; modest changes in

flow rate, surface drainage, etc. can cause aerosol production to fluctuate

dramatically. Well beyond the critical distance, the signal decreases;

deceleration of the jet reduces its kinetic energy and leads to less effec-

tive Jet rupture. Signal-to-noise ratios appear greatest at distances 1.5-2

times the critical distance. These trends are independent of flow rate or

orifice size.

Significantly, the critical distance shown in Fig. 6 for the 60-pm

orifice nebulizer operated at 60 psig differs from the value shown in Fig.

5. This difference is believed to be caused by an acoustic resonance in the

aerosol chamber used to obtain the data in Fig. 6; in contrast, observations

recorded in Fig. 5 were for the same nebulizer operated outside the chamber.

This hypothesis is supported by the observation that a 60-pm orifice located

19-25 mm from the impact surface is incapable of producing a noticeable

spray. However, if a 35-mm chamber or a small beaker or flask is positioned

around the impact surface, aerosol production is initiated.

111



In the JIN, the critical distance for nebulization varies with the

average forward velocity of the jet, which is calculated as the quotient of

the flow rate divided by the orifice area, and which is controlled by the

argon pressure over the sample solution. The optimal jet velocity was

determined on the basis of sample utilization efficiency, defined as the

ratio of ICP emission signal to uptake rate for a 10 mg/L Cu solution. For

jet velocities between 21-39 m/sec and with the impact surface optimally

situated for each velocity, sample utilization efficiency varies as shown in

Fig. 7. At low jet velocities, limited kinetic energy in the jet leads to

poor nebulization. At higher velocities, flooding of the impact surface

with excess solution hinders nebulization. In the range between 28 and 33

m/sec, corresponding to driving pressures of 70-90 psig with a 60-Vm ori-

fice, the nebulizer most efficiently converts analyte solution to spectro-

scopically useful droplets. For later studies, 80 psig of argon was used to

drive the fluid jet.

Aerosol delivery efficiencies of both the concentric and jet-impact

nebulizers were measured from the increase in mass of a drying tube situated

at the tip of the sample-injection tube of the ICP torch.3 5 The mass of

water collected over a period of several minutes was compared with the total

solution flow into each nebulizer. This method for the estimation of effi-

ciency is suitable for comparison of the two nebulizers used in this work;

however, more elaborate procedures are recommended for a comparison with

efficiencies measured in other laboratories.5 1 The concentric nebulizer,

operating on 1.03 L/min argon and 2.40 mL/min solution, demonstrated an

efficiency of 0.8%, whereas the JIN, operating on 0.64 L/min carrier argon

and 5.25 mL/min solution, yielded an efficiency of 0.5%. The low carrier gas

flow rate for the JIN was chosen for twc reasons. As Fig. 8 illustrates,

the signal-to-background ratio is greatest for the JIN with a carrier gas

.2

12
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flow rate of about 0.6 L/min in a conventional (20 mm o.d.) ICP torch.

Moreover, at greater carrier gas flows, condensation of the aerosol on

transfer and torch tubes became problematic.

Aerosol delivery efficiency was measured also for a jet-impact nebuli-

zer constructed from a glass-capillary jet (cf. Fig. la) situated 17 mm from

a flat glass impact surface. The orifice in the capillary was slightly

oval, and was measured with a calibrated microscope to be 41 and 44 .m

across its narrowest and broadest axes respectively. Operated at 128 psig,

this nebulizer demonstrated a solution uptake rate of 1.7 mL/min, and an

efficiency of 2.5%. This evidence suggests that droplets small enough to be

spectroscopically useful are much more efficiently produced through the

shattering of a finer jet of solution.

Understandably, performance of the JIN depends upon the angle between

the jet and the impact surface; best performance is obtained with impact at

or near 90*. There appears to be little variation in performance for angles

within 10° of normal. However, the nebulization efficiency decreases by 50%

for an angle of 600 and by 83% for an angle of 30* to the impact surface.

At angles below 25, nebulization visibly ceases.

Nebulizer performance depends also on the location of impact on the

glass surface. The shattering jet clears a small circular area (".' I mm in

diam.) on the impact surface, around which a ring of excess solution accumu-

lates and drains. If this circular area overlaps an edge of the glass, the

nebulizer operation is dramatically altered. The nebulization efficiency

increases substantially, often to over 0.50. However, the droplets that are

formed are visibly much larger and produce analytical signals that are

significantly lower and noisier. Not surprisingly, aerosol formed by impact

on a surface edge can leave the surface with a high velocity perpendicular

13



to the edge. In fact, such an aerosol can be directed up a torch sample-

injection tube even in the absence of carrier gas-flow. Unfortunately, this

approach yields extremely noisy signals, rendering it unsuitable for quanti-

tative work.

The drainage of excess solution away from the point of impact is sig-

nificant in the formation of aerosol. The amount of aerosol which is pro-

duced fluctuates as the ring of accumulated solution expands and contracts

with the formation and drainage of drops on the impact surface. Several

methods of reducing these drainage fluctuations were investigated. Nebuli-

zation of a vertical jet on a horizontal surface was explored, as was

nebulization on a non-wetting teflon surface. In another approach, small

hydrophilic threads were situated near the point of impact to serve as wicks

for drainage. Impact on fabric and fine metal and nylon screen was also

investigated. None of these approaches led to increased signals or reduced

noise. However, it has been observed that impact near the upper edge of a

surface often yields steadier signals. Perhaps this approach reduces waste

accumulation above the point of impact and thereby minimizes the effect of

solution draining back to the point of impact.

Physical properties of the sample solution affect nebulizer perfor-

mance. Various mixtures of glycerol and water, up to bOZ glycerol by

weight, were pumped through the nebulizer. As the relative viscosity in-

creased, the flowrate through the jewel and the average jet veolcity de-

creased, thereby reducing the nebulization efficiency (cf. Fig. 7). This

decrease in nebulization efficiency was due entirely to the lower velocity;

when the pressure was adjusted to re-establish a jet velocity of 30 m/sec,

the efficiency for all mixtures fell within the range of 0.25-0.28. Heavier

glycerol mixtures had only slightly higher efficiencies, possibly as a

consequence of their slightly lower surface tensions. For analytical use of

14



the nebulizer with highly viscous samples, a blank solution of matched

viscosity would be recommended.

ANALYTICAL UTILITY OF THE JIM

The practical utility of the JIN as a sample introduction device for

ICP spectrometry can be demonstrated through the measurement of limits of

detection, S/N ratios, drift, and calibration curves. Because each compo-

nent of an ICP spectrometer affects detection limits, a comparison of re-

sults from different spectrometers can be ambiguous. Therefore, detection

limits were determined for both the glass-concentric and jet-impact nebuli-

zers on the same system and under the same operating conditions. Through

the use of the *Y"-tube described earlier, it was possible to perform back-

to-back detection-limit measurements with the two nebulizer types simply by

switching a valve directing the carrier argon to either of the devices.

Detection limits for six elements, listed in Table II, reveal that the

JIN compares favorably with the concentric-glass nebulizer. Interestingly,

for most elements the JIN signal level was 5-10 times as great as that from

the concentric nebulizer, probably because of the higher solution uptake

rate and the substantially longer residence time for the analyte introduced

at lower carrier gas flowrates with the JIN. However, the background emis-

sion and hence the background noise were significantly higher with the lower

JIN carrier-gas flow in the central channel of the ICP; as a result, detec-

tion limits for the two nebulizers were comparable.

Noise recorded during detection-limit measurements with both nebulizers

has been used to calculate the signal-to-noise ratios listed in Table II.

For these measurements, data were sampled at 25 Hz. In the studied frequen-

cy range, the JIN generally provides S/N ratios equal to or greater than

those obtained with the concentric nebulizer.

15



Drift was measured as the RSD over a two-hour period for both nebu-

lizers, and for the ICP operating with 1.08 L/min of dry carrier argon. The

dry ICP demonstrated an RSD of 2.1%. Essentially linear upward drift was

observed at 393.4 nm. When operated with the concentric nebulizer, the ICP

demonstrated an RSD of 2.7%, including a rather uneven downward drift.

Modest signal shifts of 1-2 minutes duration were occasionally noted. When

operated with the JIN, the ICP signal had an RSD of 2.3%, including a brief

period of downward drift followed by a period of extremely steady signal.

A key advantage of ICP systems is their ability to provide calibration

curves which are linear over several orders of magnitude. An ICP with

sample introduction by jet-impact nebulization demonstrates this same advan-

tage. Figure 9 shows calibration curves for Ca II (393.4 nm) and Cu I

(324.7 nm) obtained with the flow-injection (FIA) technique described ear-

lier. Solutions of over 10,000 jg/mL of each element were easily introduced

into the ICP, but had to be measured at lower PMT bias voltages. Under the

operating conditions ordinarily used with the ICP, such high concentrations

saturate the PMT. At the lower end of the accessible concentration range,

the simple FIA procedure employed here sacrifices sensitivity; concentra-

tions of 10 ng/mL Cu and 1 ng/mL Ca could not be measured reliably. In

spite of these limitations, the calibrations curves are linear over four

orders of magnitude for both elements, with slopes of approximately one.

These data suggest that the nebulizer is suitable for use with FIA techni-

ques, which could clearly be exploited to greater advantage.
5 2

Ill. COLLUSIONS

The jet-impact nebulizer has proven to be suitable for use as a sample-

introduction device for ICP spectrometry. Performance of the nebulizer is

16



chiefly a function of the orifice size and shape, the distance traveled by

the jet, and the jet velocity. Droplet production also varies with changes

*, in the design of chambers and impact surfaces, the angle of incidence bet-

ween the jet and impact surface, and the viscosity and surface tension of

analyte solutions. A jet-impact nebulizer has been designed which is dur-

able and inexpensive, and which provides reasonably low drift, low detection

limits, and extensive linear calibration curves. However, sporadic problems

with noise can prove troublesome. If partial obstruction of nebulizer

orifices can be prevented, further work should focus on the use of smaller

jewels, which would provide higher efficiencies and lower uptake rates.

Unfortunately, sample introduction with the JIN can be cumbersome because

the solution flowrate must be extremely steady and solutions must be com-

pletely free of particulate matter. The former requirement suggests the use

of FIA techniques, which have proven to be convenient and effective with the

nebulizer. Both requirements suggest the use of the device as an LC-ICP

interface.4 3 The production of droplets with the nebulizer is independent

of gas flow, suggesting its use with miniaturized or low-flow ICP systems.

Work supported in part by the Office of Naval Research and the National

Science Foundation. Early portions of this work were completed in coopera-

tion with J. Shabushnig and J. Freeman. Valuable assistance in the use of

the computer was provided by J. Keilsohn.
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Table I. Experimental conditions for detection-limit measurements with

both concentric-glass and jet-impact nebulizers. Nebulizer
argon flow for the JIN was 0.64 L/min in all cases.
Nebulizer argon flow for the concentric nebulizer was varied
as shown.

Element Spectral line ICP Concentric
Viewing range Nebulizer argon flow

(nm) (mm above load coil) (L/min)

Ba 455.4 20-30 1.05

Ca 393.4 20-30 1.05

Cu 324.7 20-30 1.05

Fe 238.2 8-18 1.30

Mg 279.5 12-22 1.05

Zn 213.9 12-22 0.89
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FIGURE CAPTIONS

Figure I. Orifice types. (a) cross-sectional sketch of fire-polished

glass capillary; actual o.d. 1 mm. (b) luer fitting with

jewel orifice. (c) expanded cross-sectional sketch of jewel

orifice; actual o.d. 1.0 mm.

Figure 2. Diagram of nebulizer system. Details in text.

Figure 3. Glass impact surface, nebulizer chamber endpiece, adapters

and jewel fitting.

Figure 4. Sample solution flow rate vs. orifice diameter at 80 psig

applied pressure for both orifice types (cf. Figure 1). 0

glass capillaries. * corundum jewels. Flowrates through

jewels are more predictable and reproducible.

Figure 5. The jet must travel a critical distance or it will not be

*effectively ruptured. This critical distance is greater when

the jet velocity is greater or when a larger jet of solution

is nebulized. 060 psig. * 80 psig.

Figure 6. Signal in ICP at copper 327.4 nm line for a 60-Vm jewel

nebulizer operating at 60 psig. Copper solution concen-

tration - 10 mg/L.

Figure 7. Sample utilization efficiency (ICP emission signal/ solution

uptake rate) is a strong function of liquid jet velocity in
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the JIN. A Jet velocity of 30 m/sec corresponds to a

solution uptake rate of 5 mL/min.

Figure 8. Optimal carrier gas flow rate for the JIN is about 0.6 L/min

when used with a 20-mm o.d. ICP torch. Data represent

measurements of 1.0 mg/L Zn at the 213.8 nm line.

Figure 9. Calibration curves.

4L Ca II (393.4 nm).

O Cu I (324.7 rim).
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